Introduction
Natural killer (NK) cells constitute a distinct lymphocyte subset defined by the absence of Bor T-cell surface receptors, and characterized by their natural cytotoxicity against certain tumour or virally infected cells [ 11. As physical contact is required for this spontaneous cytotoxicity, the molecular basis for NK cell reactivity should involve effector (NK) cell membrane receptors engaging their specific ligands at the target (tumour) cell surface. Type I1 integral membrane proteins that contain extracellular domains related to the carbohydrate-recognition domain (CRD) of C-type animal lectins have recently been identified among candidates for NK cell receptor functions [2, 3] . Here I summarize our recent investigations aimed at identifymg the ligands for these receptors. These include highaffinity oligosaccharide ligands of the type represented on the tumour cell surface that are recognized by rat NKR-P1 or similar receptors at the NK cell surface and are intimately linked to natural killing. Unpublished work is also presented, pointing to the possible involvement of Abbreviations used: NK, natural killer; CRD, carbohydrate-recognition domain; IL-2, interleukin-2.
one of these molecules, rat NKR-P1, in adhesive reactions of NK cells.
NK cell receptors related to Ca2+-dependent animal lectins
In recent years, extensive experimental efforts of immunologists have been concentrated on the identification of NK cell receptors, employing both hybridoma technology (production of monoclonal antibodies against purified NK cell populations) and molecular genetic approaches (such as subtractive hybridization) [3-61. Both strategies have ultimately converged in the identification of a group of type I1 disulphide-linked dimeric transmembrane proteins related to Ca2+-dependent animal lectins [3] . These molecules, the protein products of polymorphic gene families residing in the natural killer gene complex in the distal region of mouse chromosome 6 or the syntenic human chromosome 12~13.2 [2, 3] , have been assigned to a separate group (group V, Figure la) in the evolutionary tree of this lectin superfamily [7] . They are notable among C-type lectins by possessing, within their intracellular tails, peptide sequences that seem to enable them to transduce signals to the NK cell upon cross-linking with antibodies or engage- Immunological studies suggest the existence of two functionally distinct classes among these molecules. Proteins of the first group, represented here by human CD69 and rat NKR-P1 antigens (Figure la) , have been shown to transmit positive signals in the NK cell resulting in production of inositol phosphates, an increase in the concentration of intracellular calcium and granule exocytosis [4, 8, 9] ; these molecules will be referred to here as 'activation' receptors. There is an apparently reciprocal group of proteins, such as mouse Ly-49 antigens, that transmit negative signals causing a global inactivation of the NK cell cytolytic pathways [lo] ; these are referred to as 'inhibitory' receptors. A detailed knowledge of the ligands with which these molecules interact should improve our understanding of the molecular mechanisms responsible for the delicate balance between the positive and negative signals elicited by these molecules, which are thought to regulate many biological activities of NK cells. In this regard, the work of Karlhofer et al. [ l l ] has indicated that MHC class I glycoproteins H-2Dd, and possibly H-2Dk, may be ligands for the inhibitory receptors. However, no ligands could be identified for the activation receptors [lo] . Moreover, because of the considerable evolutionary distance of group V proteins from other members of the C-type lectin family, it was not clear if they would bind calcium or carbohydrates, which are the established ligands for many other C-type lectins [7] . In order to address these issues, we have embarked on production of soluble forms of group V proteins suitable for ligand identification studies.
Production of soluble dimeric forms of NK cell activation receptors
The lectin-type proteins, rat NKR-P1 and human CD69, are transmembrane, disulphide-linked glycoproteins on NK cells (Figure lb) , each having at least one potential N-glycosylation site in their extracellular parts. In our experiments with NKR-P 1 we established that N-glycosylation is not required for the ligand-binding activity of this protein [12] . Therefore, our strategy for production of soluble forms of these antigens has been based on recombinant expression of the entire extracellular portions of the molecules (see Figure lb) in bacteria, as fusion proteins with maltose-binding protein [ 12, 131 . Affinitypurified fusion proteins were cleaved with Factor Xa protease, and receptor portions obtained in good yields by gel filtration under denaturing conditions [ 12,131. These purified receptors refolded efficiently in the presence of calcium, resulting in proteins immunochemically reactive with the respective conformation-sensitive monoclonal antibodies. Both dimeric and monomeric forms of these proteins were recovered in varying proportions in the refolded preparations ( Figures Id and lf) . The isolated forms of these proteins, used in most of our ligand identification and functional studies, were disulphidelinked dimers (Figures le and lg) , thus resembling the natural forms of these proteins in NK cell membrane [4, 14] .
NK cell receptors that are carbohydrate-binding proteins
Carbohydrate-binding activity of soluble NKR-P1 was initially tested by neoglycoprotein overlays (Figure 2 ), which revealed its ability to bind Nacetyl-D-hexosamines, and, to a lesser extent, Lfucose. When the carbohydrate-binding activities of soluble dimeric NKR-P1 and CD69 proteins were tested by quantitative inhibition assays, the hierarchy of their affinities towards individual monosaccharides was GalNAc or GlcNAc % 
NK cell lectins bind carbohydrates independently of external calcium
Carbohydrate binding by soluble NKR-P1 was further investigated by binding experiments with BSA-linked monosaccharides performed in buffer lacking calcium and containing 10 mM EGTA. Surprisingly, this treatment did not abolish binding (Figure 2 ) . The specificity of the interaction was subsequently confirmed in an overlay performed with unlabelled protein followed by specific immunochemical detection of bound protein (Figure 2d) . The explanation for this apparent calcium independence of NK cell lectins is their unusually high affinity for calcium, such that calcium ions bound in the CRD of these proteins do not easily dissociate even in the presence of the chelating agent [12] . Similar independence of carbohydrate binding on sequences. In addition to blood-group-related carbohydrate sequences, certain oligosaccharides of the ganglio and the glycosaminoglycan families were also strongly bound. The highest affinity ligands among the structures investigated were the highly sulphated oligosaccharides derived from heparin [18] . Moreover, we obtained evidence that oligosaccharide sequences in the form of cell surface gangliosides and proteoglycans constitute physiological ligands for NKR-P1 on target cells. Indeed, such saccharides were found to be abundantly expressed in plasma 
Complex oligosaccharides as physiological ligands for rat NKR-P I protein

The role of NKR-PI protein in adhesive reactions of N K rat cells
Three stages in the killing process of NK cells can be clearly distinguished: (i) recognition and binding to the target cell, (ii) triggering of killer cell activation and (iii) cytolytic action [l] . In order to investigate the participation of rat NKR-P1 in the adhesive reactions of NK cells, we measured the effects of soluble dimeric NKR-PI protein or one of its high-affinity carbohydrate ligands (heparin IS disaccharide [18] ), on the proportions of freshly isolated NK cells or activated NK cells that form conjugates with the appropriate targets (Figure 3a) . With fresh NK cells, no inhibitory effects were observed by either of the above inhibitors under the conditions of our assay (see legend to Figure 3 ). As NKR-P1 is known to increase dramatically in NK cells upon their activation [4] , we performed parallel experiments with rat NK cells which had been stimulated by interleukin-2 (IL-2) for 120 h. After this treatment, the cell surface levels of several membrane antigens, such as CD8 or CD5, did not change (Figures 3d-g ). However, cell surface expression of NKR-P1 was remarkably increased (Figures 3b and c) , and there was a significant increase in the ability of these cells to form conjugates (from 11% to approximately 23% of total NK cells, Figure 3a) . The fact that all the increased adhesion activity could be inhibited by both inhibitors (Figure 3a ) indicated that it is indeed mediated by NKR-P1 or related proteins. Collectively these results suggest that, while on freshly isolated NK cells the level of expression of the lectin receptors may not be sufficient for mediating sustained adhesion, on the activated NK cells, NKR-P1 or related molecules may have an important adhesive role.
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Conclusions
Rapid progress is being made in our understanding of NK cell receptors related to C-type animal lectins [19, 20] . An increasing number of molecules belonging to the NK cell gene complex are being cloned and sequenced, thus opening the way to their recombinant expression and investigation of their ligands and functional properties. Definitive evidence has been obtained that both calcium and carbohydrates are ligands for at least three of these proteins. The interaction of oligosaccharide structures containing carbohydrate ligands on the target cell surface with NKR-P1 (and possibly other related receptors) on the killer cell surface is crucial for target cell recognition and killing. Experimental techniques and models such as those elaborated in the present studies provide good prospects for addressing many intriguing questions related to the detailed oligosaccharide specificities of individual isoforms of these NK cell lectins, and the ways in which fine tuning of the activation and inhibitory signals transmitted by these molecules occurs. The ultimate aim of these investigations is to understand molecular mechanisms regulating the biological activities of NK cells in sufficient detail to allow us to use them in a targeted manner in anti-tumour and anti-microbial immunotherapies.
